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We propose an experiment of two-path interference in which the optical path difference between
the two interferometer arms is much larger than the spatial spread of single-photon pulses, thereby
enabling the “which-path” information of an individual photon to be identified, without disturbing
its passage at all, by measuring its time of flight. This apparently simple experiment poses a few con-
ceptual puzzles, including the suggestion of inevitability of the von Neumann-Wigner interpretation
of quantum mechanics.
Wave-particle duality is a central concept of quantum
mechanics, which holds that every quantum object pos-
sesses properties of both waves and particles, appearing
sometimes like a wave, sometimes like a particle, in dif-
ferent observational settings. Whether a quantum object
is in the state of being a wave or a particle cannot be pre-
supposed until it is measured. This striking fact is fur-
ther intensified in Wheeler’s delayed-choice experiment
[1], where the choice of whether or not to measure which
path the photon travels through can be made only after
the photon has entered the two-path interferometer.
To understand Wheeler’s delayed-choice experiment,
consider a Mach-Zehnder interferometer as sketched in
Fig. 1. A single-photon pulse is fired from the single-
photon source and split by the first beam splitter BSin
into the two paths. In the “closed” configuration, the
two paths are recombined by a second beam splitter
BSout before the photon strikes either of the two detec-
tors. The detection probabilities at D1 and D2 exhibit
the wave nature of interference between Path1 and Path2
in the sense that they appear as modulated as cos2(Φ/2)
and sin2(Φ/2), respectively, in response to an adjustable
phase shift Φ, which is introduced by inserting a phase-
shift plate into one of the two paths.1 On the other hand,
in the “open” configuration, where BSout is removed, the
detection probabilities exhibit the particle nature of mov-
ing along a specific path, because whether a photon has
traveled Path1 or Path2 can be inferred from whether it
clicks a signal at D1 or D2, respectively. There is no in-
terference between the two paths and the detection prob-
abilities are independent of Φ.
As the open and closed configurations are mutually
exclusive (namely, the beam splitter BSout cannot be
present and absent at the same time), the result of
Wheeler’s delayed-choice experiment is in accord with
Bohr’s principle of complementarity [2]: Wave and par-
ticle properties of a quantum object cannot be measured
simultaneously and which property is manifested is de-
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1 The adjustment of Φ can be achieved, for example, by tilting the
inserted plate with a piezoelectric actuator.
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FIG. 1. Wheeler’s delayed-choice experiment. The second
beam splitter BSout is present and absent in the closed and
open configurations, respectively.
termined by the type of measurement performed on it.
What is truly astonishing is that the same result is ob-
tained even if the choice between the open and closed
configurations is made after the entry of the photon into
the first beam splitter. In a sense, a choice made in a later
moment can retroactively collapse a quantum state in the
past. While it remains debatable how Wheeler’s delayed-
choice experiment should be interpreted, its anticipation
has been confirmed in various actual experiments [3–9].
To make the problem of collapse even more puzzling,
we propose an experiment modified from the closed
configuration of Wheeler’s delayed-choice experiment as
sketched in Fig. 2. Here, the second beam splitter is al-
ways fixed and the optical path length L2 of Path2 is
arranged much larger than the optical path length L1 of
Path1. Meanwhile, we prepare two high-precision clocks,
Ce and Cd, which, by choice, may be coupled to the
single-photon emitter and the detectors, respectively.
By coupling Ce and Cd to the emitter and detectors,
one can record a photon’s departure time when it is emit-
ted from the emitter and arrival time when it clicks a
single at either D1 or D2. Provided Ce and Cd are well
synchronized, the time of flight from the emitter to the
detectors can be inferred. If the difference between L1
and L2 is made much larger than the spatial spread ∆x
of a single-photon pulse and the clock precision (mul-
tiplied by the speed of light c), by timing the time of
flight of each single-photon pulse, which path the photon
has traveled can be unambiguously identified, regardless
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FIG. 2. Proposed new experiment. The optical length differ-
ence between Path1 and Path2 is much larger than the spread
∆x of a single-photon pulse. The emitter and detectors may
be connected to the clocks, Ce and Cd, respectively.
of whether D1 or D2 registers the signal.
2 As a conse-
quence, the detection probabilities at D1 and D2 appear
independent of Φ. On the other hand, if one choose to
decouple Cd from the detectors, as long as the choice
is made before time has elapsed by L1/c since the pho-
ton’s departure time, whether the photon travels Path1
or Path2 remains unknown and therefore the detection
probabilities at D1 and D2 exhibit the interference be-
tween Path1 and Path2 as modulated with Φ. This result
is akin to that of Wheeler’s delayed-choice experiment
but is conceptually more striking in various aspects.
In Wheeler’s delayed-choice experiment, the choice be-
tween keeping or removing the second beam splitter does
make a change upon the routes a photon may travel. In
the new experiment, by contrast, coupling or decoupling
Cd only affects the detectors (in whatever sense) but ap-
parently makes no disturbance upon the routes at all.
It is curious why the photon’s behavior is nevertheless
altered.
Conversely, if we keep Cd engaged but choose to or
not to decouple Ce from the emitter before a photon is
fired, recording of the departure time can be enabled or
disabled, and therefore the time of flight may or may
not be inferable. Consequently, we can turn on or off
the two-path interference at will simply by coupling or
2 We assume the distance from BSout to D1, the distance from
BSout to D2, and especially their difference are short enough
(rigorously, much shorter than L2 − L1). The travel time along
Path1 and Path2 is about L1/c and L2/c, respectively. If the
resulting resolution of timing is much better than (L2−L1)/c, the
passage through Path1 or Path2 can be definitely discriminated.
The condition Ce and Cd have to be well synchronized means
that they keep running at the same rate in the whole course of
experiment and do not drift away beyond the required precision.
The absolute readings of Ce and Cd need not to be identical but
a constant offset between them is allowed. In the presence of an
offset, the nominal value of timing defined as the reading of Cd
minus that of Ce does not represent the time of flight directly.
Nevertheless, for the accumulated result of an ensemble of single
photons, which path each photon has traveled can still be inferred
from the nominal records of timing, which still cluster into two
distinctive groups.
decoupling Ce. Why does mounting or dismounting a
clock on the emitter make a change for the behavior of
photons it emits?
One might argue that, even though the clocks do not
affect the travel routes, a photon can still manage to
“sense” the presence of Cd or Ce by analogy to the
Aharonov-Bohm effect [10], where a charged particle is
affected by an electromagnetic field that is applied out-
side the particle’s travel routes. However, the corre-
sponding electromagnetic potential (or more rigorously,
the hololomy of it) is nonzero along the passage, which
is responsible for the Aharonov-Bohm effect. In our pro-
posed experiment, by contrast, there is no obvious ana-
log of the electromagnetic potential. Furthermore, in the
absence of Ce, engaging or disengaging Cd makes no dif-
ference any more; nor does engaging or disengaging Ce in
the absence of Cd. In other words, what a photon seems
to sense is not the presence of Cd or Ce per se but instead
the “togetherness” of them. This is a striking feature not
found elsewhere.
If the issues raised above still do not seem baffling
enough, then consider a scale-up setting in which L2 is
prolonged to the extent that (L2 −L1)/c reaches several
seconds.3 In this case, without the help of any clocks,
the experimenter can measure a photon’s time of flight
simply by counting in his mind the time elapsed from the
moment when he presses the button of the emitter to the
moment when one of the detectors beeps a signal. If he
keeps attentive, the accuracy of his mental counting of
time can be fairly within a second or two. Consequently,
which way a photon has traveled can be identified and
the detection probabilities are independent of Φ. On the
other hand, if he keeps absent-minded, the which-way
information of a photon remains undetermined and the
detection probabilities exhibit the two-path interference.
It is astonishing that, apparently, the state of a photon
can be collapsed solely by the experimenter’s mindfulness
and nothing else at all. Moreover, if two or more inspec-
tors observe the experiment at the same time, a photon
will behave as a particle if and only if any of them is
counting time in mind. In a sense, this experiment can
be used as a kind of mind reader! If this result indeed
happens, it will deliver an unequivocal verdict in favor
of the von Neumann-Wigner interpretation of quantum
mechanics [11, 12], which posits that it is essentially con-
sciousness that causes collapse.
However, the scale-up experiment seems far beyond
the reach of current technology. To have (L2 − L1)/c
exceed a few seconds, L2 − L1 has to be &109 m long.
It is extremely difficult to keep a light wave coherent
between two paths with such a huge optical path differ-
ence even for a stationary source (of which the coherence
length is about ∼1 km for commercial lasers of wave-
3 This may be achieved, for example, by inserting a long optical
fiber into Path2, but the technological difficulty will be discussed
shortly.
3length∼500 nm [13]), let alone for a single-photon source.
Furthermore, there might be some fundamental reasons
that prohibit the proposed experiment from being arbi-
trarily scaled up. For example, according to objective
collapse theories, e.g. [14–16], [17–19], and [20], a quan-
tum state in superposition is collapsed (localized) spon-
taneously when a certain objective physical threshold is
reached. In our case, it is quite likely that the underly-
ing detection mechanism of a single-photon detector sets
a threshold for the time delay between a photon’s two
wavefunction components supposed to arrive at the de-
tector at different times, and therefore the interference
between the two paths is erased once |L1 − L2| reaches
a certain scale (probably far below ∼1 km), irrespective
of any timing devices or an inspector’s mind. At this
moment, it is uncertain whether the difficulty of scaling
up the experiment is purely technological or intrinsically
unavoidable. If the difficulty proves fundamentally in-
evitable, it will remain needless to appeal to any anthro-
pocentric interpretation of quantum mechanics.
It is worthy of mentioning again that, in order to de-
termine a photon’s which-way information by timing its
travel, L2 − L1 has to be much larger than the spatial
spread ∆x of a single-photon pulse as well as the clock
precision. The condition ∆x  |L1 − L2| suggests that
the trace of a single-photon pulse following Path1 and
that following Path2 do not overlap each other again once
they are separated by BSin. This arouses doubt that the
single-photon interference could be obtained at all. This
doubt, however, is due to the confusion between the spa-
tial spread ∆x and the coherence length `c of a single-
phone pulse. The required condition for the interference
to appear is `c > L1, L2, not necessarily ∆x > |L1−L2|.
It is not difficult to produce single-photon interference
while keeping ∆x |L1−L2|, and this has been consid-
ered in the literature. For example, in the experiment of
the Bell inequality for position and time proposed in [21]
and carried out in [22, 23], the observable effects that are
used to demonstrate inconsistency with any local hidden-
variable theory rely on the interference between L1 and
L2 under the condition ∆x |L1 − L2|.4
Meanwhile, it should be emphasized that, as well as
Wheeler’s delayed-choice experiment, our proposed ex-
periment concerns the single-particle (single-photon) ef-
fect. It should not be confused with the Hanbury Brown
and Twiss (HBT) effect [24–26], which essentially in-
volves two-particle amplitudes [27], despite the fact that
the HBT experiment also times the detection signals and
may require the two paths to have significantly differ-
ent lengths. To carry out the proposed experiment, the
ensemble of emitted single-photon pulses have to be tem-
porally well separated to neglect any contamination from
many-particle effects.
Finally, we remark on the fact that the technology re-
quired to conduct the proposed experiment is well within
reach, except for the scale-up setting. For example, in the
experimental realization of Wheeler’s delayed-choice ex-
periment made in [9], the two paths are ∼50 m long, and
the spatial spread of a single-photon pulse and the reso-
lution of timing have to be smaller than . 5 m in order to
ascertain that the delayed-choice is made after a photon
has entered the interferometer. Adopting the same tech-
nology and setting L1 and L2 to be about ∼50 m and
∼100 m long, respectively, one should be able to real-
ize the proposed experiment. If any experimental result
does not happen as anticipated for some unknown rea-
son, it will entail a drastic revision to our understanding
of wave-particle duality.
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